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The evolution of peptidomimetic hybrid molecules for preoperative im-
aging and guided surgery targeting the prostate-specific membrane
antigen (PSMA) significantly progressed over the past few years, and
some approaches are currently being evaluated for further clinical
translation. However, accumulation in nonmalignant tissue such as
kidney, bladder, spleen, or liver might limit tumor-to-background con-
trast for precise lesion delineation, particularly in a surgical setting. To
overcome these limitations, a rational linker design aims at the devel-
opment of a second generation of PSMA-11–based hybrid molecules
with an enhanced pharmacokinetic profile and improved imaging
contrast. Methods: A selection of rationally designed linkers
was introduced to the PSMA-targeting hybrid molecule Glu-urea-
Lys-HBED-CC-IRDye800CW, resulting in a second-generation pepti-
domimetic hybrid molecule library. The biologic properties were inves-
tigated in cell-based assays. In a preclinical proof-of-concept study
with the radionuclide 68Ga, the impact of the modifications was evalu-
ated by determination of specific tumor uptake, pharmacokinetics,
and fluorescence imaging in tumor-bearing mice. Results: The modi-
fied hybrid molecules carrying various selected linkers revealed high
PSMA-specific binding affinity and effective internalization. The high-
est tumor-to-background contrast of all modifications investigated
was identified for the introduction of a histidine- (H) and glutamic acid
(E)–containing linker ((HE)3-linker) between the PSMA-binding motif
and the chelator. In comparison to the parental core structure, uptake
in nonmalignant tissue was significantly reduced to a minimum, as ex-
emplified by an 11-fold reduced spleen uptake from 38.12 6 14.62
percentage injected dose (%ID)/g to 3.47 6 1.39 %ID/g (1 h after in-
jection). The specific tumor uptake of this compound (7.59 6 0.95
%ID/g, 1 h after injection) was detected to be significantly higher than
that of the parental tracer PSMA-11. These findings confirmed by PET
and fluorescence imaging are accompanied by an enhanced pharma-
cokinetic profile with accelerated background clearance at early time
points after injection. Conclusion: The novel generation of PSMA-
targeting hybrid molecules reveals fast elimination, reduced back-
ground organ enrichment, and high PSMA-specific tumor uptake
meeting the key demands for potent tracers in nuclear medicine and
fluorescence-guided surgery. The approach’s efficacy in improving

the pharmacokinetic profile highlights the strengths of rational linker
design as a powerful tool in strategic hybrid-molecule development.
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Surgical resection of tumor tissue represents one of the main
curative treatment options in the clinical management of prostate
cancer (1). The precise detection and comprehensive resection of
malignancies is thereby of high significance for patient survival
and therapy success. During resection, several difficulties are lim-
iting the therapeutic outcome. Although malignant tissue can be
precisely localized preoperatively using diagnostic radiopharma-
ceuticals, the translation to the operating theater often remains
challenging. This increases the risk that tumor tissue will be
missed by the surgeon (2,3). Additionally, a close proximity of le-
sions to essential healthy structures such as the urinary bladder or
nerves impedes a wide dissection in the lower pelvis, resulting in
positive surgical margins (4). These difficulties cause an increased
possibility of cancer recurrence and subsequent treatment failure
(5). Consequently, template-based extended lymphadenectomies,
for example, are performed to diminish the risk of left-behind le-
sions (6,7). Besides malignant tissue, a considerable amount of
healthy tissue is removed during this surgical strategy, causing
increased morbidity. Hence, there is a strong medical need for ad-
vances in the field of intraoperative navigation to precisely delin-
eate tumor tissue from surrounding healthy tissue.
To overcome these issues, novel approaches have been devel-

oped over the past few years comprising the detection of malig-
nant tissue supported by both a g-probe and a fluorescent dye. A
combination of these 2 modalities in so-called hybrid or dual-
labeled approaches compensates for their respective disadvan-
tages, thereby merging the strengths of both technologies. In a
clinical scenario, these novel approaches provide preoperative im-
aging (e.g., PET/CT) for planning of the surgery, combined with
subsequent intraoperative navigation. The first clinical proof-of-
concept studies with the indocyanine green–based hybrid sentinel
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lymph node tracer indocyanine green–99mTc-nanocolloid demon-
strated the feasibility of dual-modality approaches to improve sur-
gical accuracy in different cancer types (8–10). Because nontar-
geted approaches have their limitations in precisely detecting
tumor tissue, recent advances have focused on the design of tar-
geted dual-modality probes.
For the specific targeting of prostate cancer, the prostate-specific

membrane antigen (PSMA) has been identified as an excellent tar-
get structure. PSMA is a transmembrane carboxypeptidase that is
selectively overexpressed in most prostate carcinomas, including
local lesions, malignant lymph nodes, and bone metastases
(11–14). The first PSMA-targeting dual-modality antibodies and
small-molecule peptidomimetic inhibitors have recently demon-
strated the feasibility of hybrid detection in preclinical studies
(15–18). Besides high and specific tumor uptake of targeted hybrid
probes, a favorable pharmacokinetic profile with, for example, a
low accumulation in off-target tissue, fast clearance, and a result-
ing high imaging contrast at early time points after injection is cru-
cial for further clinical translation.
With the development of dual-modality low-molecular-weight

PSMA inhibitors based on the clinically established PET tracer
68Ga-PSMA-11, a versatile platform was designed tolerating the
conjugation of a fluorescent dye combined with a radiolabel moie-
ty (18–20). Our theranostic dual-modality platform is thus charac-
terized by high and fast PSMA-specific tumor uptake along with
rapid background clearance allowing preoperative imaging com-
bined with intraoperative guidance (18). The advantageous effect
of introducing spacer moieties comprising histidine (H) and glu-
tamic acid (E) on the biodistribution profile of Affibody (Affibody
AB) molecules was originally reported by Hofstrom et al. (21).
Further work from our group successfully established (HE) linker
modifications to PSMA-11 leading to significantly enhanced tu-
mor-to-background contrast and reduced uptake in dose-limiting
background organs (22). Because of the high clinical relevance,
we introduced charged spacer moieties to our theranostic dual-
modality platform, leading to a second generation of hybrid probes
with improved imaging contrast. The insights investigated in this
pharmacokinetic proof-of-concept study demonstrate a valuable
progression aiming at clinical translation for better management of
prostate cancer patients.

MATERIALS AND METHODS

Chemical Synthesis, Radiolabeling, Determination of Lipophili-
city, and Serum Stability

The synthesis of the variants of Glu-urea-Lys-HBED-CC-IR-
Dye800CW comprising a series of amino acid linker modifications
was performed according to previously published protocols
(18,22–25) (the supplemental materials available at http://jnm.
snmjournals.org provide details on the synthesis and chemical struc-
tures of the compounds). 68Ga31 (half-life, 68 min; b1, 89%; maxi-
mum Eb1, 1.9 MeV) was obtained from a 68Ge/68Ga generator based
on a pyrogallol resin support, with details of compound characteriza-
tion (radiolabeling, determination of lipophilicity, serum stability stud-
ies) provided in the supplemental materials (26).

In Vitro Evaluation
PSMA-positive LNCaP cells (CRL-1740; ATCC) and PSMA-nega-

tive PC-3 cells (CRL-1435; ATCC) were cultured in RPMI medium
supplemented with 10% fetal calf serum and 2 mM L-glutamine (all
from PAA). Cells were grown at 37�C in humidified air with 5% CO2

and were harvested using trypsin-ethylenediaminetetraacetic acid

(0.25% trypsin, 0.02% ethylenediaminetetraacetic acid; Invitrogen).
Cell line authentication is regularly performed, and the LNCaP and
PC-3 cell lines were authenticated on March 6, 2020. The competitive
cell binding assay and internalization experiments were performed as
described previously (19,25).

Biodistribution and Preclinical Proof of Concept
For the experimental tumor models, 5 3 106 cells of LNCaP or PC-

3 (in 50% Matrigel; Becton Dickinson) were subcutaneously inoculat-
ed into the flank of 7- to 8-wk-old male BALB/c nu/nu mice (Charles
River). For biodistribution studies, the 68Ga-labeled compounds were
injected into a tail vein (1–3 MBq [60 pmol, n 5 3] and 30–50 MBq
[500 pmol, n 5 3]). At 1 and 2 h after injection, respectively, the ani-
mals were sacrificed. Organs of interest were dissected, blotted dry,
and weighed. The radioactivity was measured using a g-counter and
calculated as percentage injected dose [%ID]/g. Optical imaging was
performed with the Odyssey CLx system (excitation wavelength, 800
nm; LI-COR Biosciences). In an additional preclinical proof of con-
cept (n 5 1), mice were anesthetized (2% sevoflurane; Abbvie) and
0.5 nmol of the 68Ga-labeled compound in 0.9% NaCl (pH 7) were in-
jected into the tail vein. Preoperative PET imaging was performed
with a PET scanner (Inveon PET; Siemens). For subsequent optical
imaging to identify the tumor by fluorescence, mice were sacrificed af-
ter PET imaging and dissected tissue analyzed using the Odyssey CLx
system (the supplemental materials provide details on the imaging
protocol, software, image reconstruction, and procedure). All animal
experiments were approved by the regional authorities Regier-
ungspr€asidium Karlsruhe and Regierungspr€asidium Freiburg and
complied with the current laws of the Federal Republic of Germany.

Statistical Aspects
Experiments were performed at least in triplicate, except for the

proof-of-concept study (n 5 1). Quantitative data are expressed as
mean 6 SD. The n values are given in the respective figure or table
captions. If applicable, means were compared using the Student t test
(Prism, version 8; GraphPad Software, Inc.). P values of less than
0.05 were considered statistically significant.

RESULTS

Synthesis, Radiolabeling, and Serum Stability
For this pharmacokinetic proof-of-concept study, Glu-urea-Lys-

HBED-CC-IRDye800CW (tumor uptake 1 h after injection, 13.66
6 3.73 %ID/g) was selected as an exemplary model core structure
for our theranostic dual-modality platform for 2 main reasons.
First, this compound has been preclinically proven to perform
comparably to or even to outperform successfully established mol-
ecules such as PSMA-11 (tumor uptake 1 h after injection, 4.89 6

1.34 %ID/g) or PSMA-617 (tumor uptake 1 h after injection, 8.47
6 4.09 %ID/g) (18,22,27). Second, the choice of the structure pre-
viously comprising the bulky clinically relevant near-infrared dye
IRDye800CW simplifies further clinical translation of the findings,
since small molecules’ biologic properties are typically strongly
influenced when conjugated to a fluorescent dye. In a first step,
charged linker moieties found to be favorable with respect to phar-
macokinetic properties in previous studies were introduced com-
bining solid-phase and classic organic synthesis strategies (Supple-
mental Figs. 1 and 2) (18,22). As the most promising candidate in
former studies, the (HE)3-motif was additionally inserted between
the chelator and the fluorescent moiety to investigate the influence
of linker positioning within the molecule (Supplemental Fig. 2)
(23,28). The dye was conjugated to the precursor molecules as IR-
Dye800CW-NHS-ester in the last step. A detailed description of
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the synthetic strategies is provided in the supplemental materials.
The final products were obtained in greater than 98% purity and
their analytic data are summarized in Supplemental Figures 3 and
4 and Supplemental Tables 1 and 2. Lipophilicity, determined as
logD at pH 7.4 in n-octanol/phosphate-buffered saline, was found
to be in the same range as the respective Glu-urea-Lys-HBED-
CC-IRDye800CW reference compound with a logDpH 7.4 value of
22.21 6 0.36 (Supplemental Table 1) (18). Radiolabeling with
68Ga resulted in radiochemical yields greater than 99%, and the
molar activities of the 68Ga-labeled compounds were detected to
be around 80–120 GBq/mmol (Supplemental Figs. 5–7). 68Ga-
Glu-urea-Lys-(HE)3-HBED-CC-IRDye800CW was found to be
stable in mouse and human serum up to 2 h.

PSMA-Specific Binding and Internalization Properties
High and specific affinity to PSMA in the nanomolar range was

revealed for all tested compounds in competitive binding studies,
and this affinity was not significantly complexation-dependent
(Table 1; Supplemental Fig. 8). The introduction of (HE)1- or tryp-
tophane (W)-containing (WE)1 motifs between the PSMA-binding
motif and the chelator or of the (HE)3 motif between the chelator
and the fluorescent dye had no impact on binding properties as
compared with the reference Glu-urea-Lys-HBED-CC-IR-
Dye800CW (18). Interestingly, the (HE)3 motif inserted between
PSMA-binding unit and chelator moiety significantly reduced the
affinity to PSMA (P 5 0.024). Specific cell surface binding was
detected for all tested dual-labeled probes (Table 1; Supplemental
Fig. 9). Incorporating the (WE)1 (P 5 0.482) or (HE)3 motif (P 5
0.053) near the PSMA-binding motif resulted in the most pro-
nounced specifically internalized fractions not significantly differ-
ing from the reference (18). In contrast, changing the intramolecu-
lar (HE)3 motif position by inserting the linker between the
chelator and the dye (P 5 0.021) or introducing (HE)1 as a linker
structure next to the PSMA-binding motif (P 5 0.021) revealed
significantly reduced internalization properties (Table 1).

Specific Enrichment in Xenograft Tumors with Enhanced
Contrast to Background Tissue
The impact of the introduction of charged amino acid linker mo-

tifs to Glu-urea-Lys-HBED-CC-IRDye800CW on in vivo specific
PSMA targeting and accompanying background organ enrichment
was further evaluated in biodistribution studies. 68Ga-Glu-urea-

Lys-(HE)3-HBED-CC-IRDye800CW revealed a significantly in-
creased, PSMA-specific tumor uptake in LNCaP xenograft tumors
(7.59 6 0.95 %ID/g, P , 0.05), compared with the incorporation
of other motifs or intramolecular positioning of the (HE)3 motif
near the fluorescent dye at 1 h after injection (Figs. 1A and 1B;
Supplemental Figure 10; Supplemental Tables 3–5). Although in
comparison to the core structure, tumor uptake was significantly
reduced for 68Ga-Glu-urea-Lys-(HE)3-HBED-CC-IRDye800CW
(P 5 0.031), it proved to be significantly increased when com-
pared with 68Ga-PSMA-11 (P 5 0.047) or 68Ga-PSMA-I&F (P 5
0.045) and identical to 68Ga-PSMA-617 (P 5 0.735) (17,22,27).
In addition, tracer uptake of 68Ga-Glu-urea-Lys-(HE)3-HBED-CC-
IRDye800CW in nonmalignant tissue was significantly reduced to
a minimum, with striking effects on spleen uptake, for example,
which could be reduced from 38.12 6 14.62 %ID/g to 3.47 6
1.39 %ID/g (Fig. 1A; Supplemental Table 3) (18). From the series
presented here, the introduction of the (HE)3 motif near the
PSMA-binding motif led to the highest tumor-to-background con-
trast. Noticeably, this compound even outperforms the core struc-
ture Glu-urea-Lys-HBED-CC-IRDye800CW with regard to tu-
mor-to-background ratio (Supplemental Table 4). For all
compounds, the renal pathway was identified to be the most likely
elimination mechanism.
Additionally, to finalize the analysis of the pharmacokinetic

properties of the favored compound 68Ga-Glu-urea-Lys-(HE)3-
HBED-CC-IRDye800CW, biodistribution studies at 2 h after in-
jection were conducted (Figs. 1C and 1D; Supplemental Table 6).
Specific tumor accumulation was significantly reduced after injec-
tion of 60 pmol (3.10 6 1.17 %ID/g) as compared with 1 h after
injection (7.59 6 0.95 %ID/g) (P 5 0.007). Contemporaneously,
the compound was strongly excreted from background tissue, re-
sulting in remaining high tumor-to-background ratios up to 2 h af-
ter injection (Supplemental Table 6). Administration of higher
doses of 68Ga-Glu-urea-Lys-(HE)3-HBED-CC-IRDye800CW (500
pmol) mainly confirmed the findings and even resulted in higher
tumor-to-background ratios for muscle at 1 and 2 h after injection
(Figs. 1C and 1D; Supplemental Tables 7 and 8).

Small-Animal PET and Optical Imaging
Subsequent small-animal PET studies with 68Ga-Glu-urea-Lys-

(HE)3-HBED-CC-IRDye800CW confirmed strong tumor uptake
in the LNCaP xenograft model accompanied by rapid clearance

TABLE 1
Cell Binding and Internalization Data of Compounds

Compound
Specifically cell
surface–bound*

Specifically
internalized*

IC50 (nM)†

Free ligands

69/71Ga-labeled
compounds

Glu-urea-Lys-(HE)1-HBED-CC-IRDye800CW 3.00 6 1.42 3.27 6 1.83 28.41 6 14.39 35.57 6 22.83

Glu-urea-Lys-(WE)1-HBED-CC-IRDye800CW 6.47 6 3.69 13.77 6 8.50 43.70 6 14.12 56.80 6 17.10

Glu-urea-Lys-(HE)3-HBED-CC-IRDye800CW 8.30 6 3.93 6.45 6 3.36 51.29 6 11.84 69.98 6 22.88

Glu-urea-Lys-HBED-CC-(HE)3-IRDye800CW 6.26 6 1.49 3.70 6 0.51 41.74 6 18.26 52.21 6 7.33

*68Ga-labeled compounds. Specific cell uptake was determined by blockage using 500 mM 2-PMPA. Data are percentage applied ra-
dioactivity bound to 105 cells.

†Radioligand: 68Ga-PSMA-10 (dissociation constant, 3.8 6 1.8 nM (25); cradioligand, 0.75 nM [c = concentration]).
Data are expressed as mean 6 SD (n 5 3). Affinity to PSMA and internalization properties of compounds were determined in vitro us-

ing PSMA-positive cells (LNCaP). For all compounds, PSMA-specific internalization was detected, as well as high binding affinity to
PSMA (in low nanomolar range) not significantly dependent on complexation.
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from nonmalignant tissue, resulting in high imaging contrasts at
early time points after injection (Figs. 2A–2D). High PSMA spe-
cificity was proven in vivo because no measurable uptake was ob-
served in PSMA-negative PC-3 xenografts (Fig. 2B). The corre-
sponding time–activity curves of the dynamic PET scan up to 60
min after injection demonstrate rapid clearance from off-target tis-
sue (muscle, liver, heart) but continuous accumulation in bladder
and kidney due to the renal pathway of excretion (Fig. 2C).
In fluorescence imaging, 68Ga-labeled Glu-urea-Lys-(HE)3-

HBED-CC-IRDye800CW obtained high tumor uptake, resulting in
excellent tumor visualization and strong tumor-to-background con-
trast (Fig. 3; Supplemental Figs. 11 and 12). Additionally, the re-
nal excretion pathway and the significantly reduced spleen uptake
based on radioactivity was fluorescently confirmed.

DISCUSSION

The development of dual-modality probes for preoperative im-
aging and intraoperative guidance (radioguidance or fluorescence
guidance) specifically targeting PSMA represents a promising new
strategy in the diagnosis and therapy of PCa. The improved detec-
tion of tumor tissue supported by both a g-signal and a fluorescent

dye might overcome current surgical limita-
tions. Therefore, a novel class of dual-la-
beled low-molecular-weight PSMA inhibi-
tors has recently been developed, thereby
successfully demonstrating their feasibility
for clinical translation in preclinical proof-
of-concept studies (16–18). In particular, a
specific and sufficiently high tumor uptake
combined with a fast pharmacokinetic profile
resulting in high tumor-to-background con-
trast at early time points after injection chal-
lenges low-molecular-weight hybrid tracer
development. 68Ga-Glu-urea-Lys-HBED-
CC-IRDye800CW was the first PSMA-tar-
geting low-molecular-weight hybrid probe
characterized by a 3-fold increased tumor
uptake compared with the parental molecule
PSMA-11 while preserving a fast pharmaco-
kinetic profile.
Nevertheless, like other peptidomimetic

PSMA inhibitors, this dual-modality ap-
proach results in excretion via the renal path-
way and accumulation in nonmalignant tis-
sue (spleen). Probe enrichment close to the
surgical field might hamper specific lesion
detection, particularly when close to the uri-
nary system. Additionally, nonmalignant ac-
cumulation might be of concern regarding
toxicity issues during clinical translation of
this approach.
To address this limitation, our study found

a rational hybrid molecule design to be a
promising tool to accelerate the pharmacoki-
netic profile while preserving high tumor up-
take. In particular, introduction of spacer
moieties comprising (HE) proved favorable
to modulate the biodistribution profile of Af-
fibody molecules and peptidomimetic inhibi-
tors, thereby improving tumor-to-background
contrast and potential uptake in dose-limiting

nonmalignant tissue (21–23).
In this study, rational linker design was applied to the peptido-

mimetic hybrid molecule Glu-urea-Lys-HBED-CC-IRDye800CW,
the current lead of our theranostic dual-modality platform. Be-
cause of its favorable characteristics (high specific tumor uptake,
fast pharmacokinetic properties) and successfully incorporated
clinically relevant near-infrared dye (simplified clinical translation
of pharmacokinetic study findings), it was designated for a further
proof-of-concept pharmacokinetic modulation (18). The chemical
motifs (HE)1, (HE)3, and (WE)1 found to be beneficial in previous
studies were selected for this approach (21–23).
The binding affinities of all second-generation compounds re-

sulting from the present study were in the low-nanomolar range,
indicating the selected linker motifs to have a negligible functional
impact. Nevertheless, inserting the (HE) motif as a triplicate be-
tween the PSMA-binding motif and the chelator slightly reduces
PSMA affinity. Although a single charged or lipophilic motif is
tolerated in terms of affinity, motif repetitions might hamper the
advantageous interactions of the chelator HBED-CC with the ar-
ene-binding side of the PSMA-binding pocket (29). Specific inter-
nalization of all modifications was observed to be highest for the

FIGURE 1. (A) Organ distribution of 60 pmol of 68Ga-labeled compounds at 1 h after injection
(LNCaP), with statistics shown in Supplemental Figure 10. (B) LNCaP in comparison to PC-3 tu-
mor-to-muscle ratio of 60 pmol of 68Ga-labeled Glu-urea-Lys-(HE)3-HBED-CC-IRDye800CW 1
h after injection (***P , 0.001). (C and D) Organ distribution (C) and tumor-to-organ ratios (D) of 60
and 500 pmol of 68Ga-labeled Glu-urea-Lys-(HE)3-HBED-CC-IRDye800CW at 1 and 2 h after in-
jection in LNCaP tumor–bearing BALB/c nu/numice. Data are expressed as mean %ID/g tissue 6

SD (n5 3).
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tryptophan-containing motif located close to
the PSMA-binding motif, hypothetically ex-
ploiting supportive lipophilic interactions in
the PSMA funnel (30).
However, the determined advantageous

in vitro properties of (HE)1 and (WE)1 motif
introduction did not result in an increased tu-
mor uptake. Although (HE)1 and (WE)1 lo-
cated between the PSMA-binding unit and
the radiometal chelator significantly en-
hanced tumor uptake in previous findings
(22), the effect could not be demonstrated in
this study. Strikingly, including the (HE)3
motif at the same intramolecular location re-
sulted in a strongly improved background or-
gan enrichment profile of the hybrid molecule
at early time points after injection (1 h after
injection). In particular, spleen uptake was re-
duced by a factor of 11 when compared with
the parental structure 68Ga-Glu-urea-Lys-
HBED-CC-IRDye800CW, matching findings
of earlier studies (22). In addition, this modifi-
cation revealed the highest tumor-to-back-
ground ratios to relevant nonmalignant tissue
of all tested compounds, including the pa-
rental structure. The resulting tumor uptake
was significantly higher than for any of the
other modified variants of this study, and pre-
viously reported compounds such as PSMA-
11 and PSMA-I&F—not, however,

exceeding the core structure Glu-urea-Lys-
HBED-CC-IRDye800CW and PSMA-617
(17,19,27). Accordingly, it can be conclud-
ed that the novel compound features superi-
or characteristics in terms of tumor uptake
and tumor-to-background contrast warrant-
ing further investigation.
Thus, the exact intramolecular position of

(HE)3 was found to be highly crucial, be-
cause an introduction on a different location
in the molecule results in significantly re-
duced or even negative effects on back-
ground organ enrichment and tumor uptake.
The introduction of (HE)3 near the PSMA-
binding motif was found to noticeably influ-
ence the spleen uptake, for instance, as is in
line with previous studies (22).
The improved background organ enrich-

ment profile of the novel hybrid molecule
68Ga-Glu-urea-Lys-(HE)3-HBED-CC-IR-
Dye
800CW was accompanied by a significantly
accelerated excretion via the renal pathway
by means of reduced kidney enrichment
as compared with the parental structure
68Ga-Glu-urea-Lys-HBED-CC-IR-
Dye800CW, leading to high tumor-to-back-
ground-contrast as early as 1 h after injec-
tion, which proved persistent up to 2 h after
injection (18). Surprisingly, at 1 h after

FIGURE 2. (A and B) Whole-body maximum-intensity projections with tumor magnifications of 0.5
nmol of 68Ga-labeled Glu-urea-Lys-(HE)3-HBED-CC-IRDye800CW (�50 MBq) in LNCaP (A) and
PC-3 (B) tumor–bearing BALB/c nu/numice (right flank) 120 min after injection obtained from small-
animal PET imaging (n 5 1; 1 animal was used for each cell line LNCaP and PC-3, respectively). (C
andD) Corresponding time–activity curves for background organs (C) and for tumor andmuscle (D).

FIGURE 3. Optical imaging after injection of 0.5 nmol of 68Ga-labeled Glu-urea-Lys-(HE)3-HBED-
CC-IRDye800CW in LNCaP (A–C) and PC-3 (D–F) tumor–bearing BALB/c nu/numice (n5 1; 1 ani-
mal was used for each cell line LNCaP and PC-3, respectively). Mice were sacrificed 2 h after injec-
tion after PET imaging, and fluorescence was detected with Odyssey CLx system (excitation wave-
length, 800 nm). Fluorescence intensity is presented in heat-map coloring. (A and D) Skin covering
subcutaneous xenograft tumors was removed, and imaging was performed to locate tumor. (B and
E) Tumor tissue was resected and another scan performed to ensure complete tumor tissue remov-
al. (C and F) Fluorescence signal of resected tumors is presented. Tissue lying on surface of imaging
systemduring fluorescence detection explains small artifacts in fluorescence images.
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injection, the high tumor-to-background contrast manifested about
60 min earlier for the pharmacokinetic-improved compound than
for the parental compound. This earlier manifestation is caused
by a dramatically minimized enrichment in nonmalignant tissue
leading to a 2.0-fold higher tumor-to-blood ratio and a 1.6-fold
higher tumor-to-muscle ratio at early time points after injection of
60 pmol. Consequently, increased contrast in the surgical field
can be expected from these data, encouraging further clinical
translation. Since other dyes are also being discussed in terms of
stability, brightness, or tissue penetration, for example, further
studies might identify the ideal combination finally representing
the lead second-generation PSMA-targeting hybrid probe.

CONCLUSION

This study found rational linker design to be a powerful tool in
hybrid molecule development, leading to a novel generation of
PSMA-targeting peptidomimetic hybrid molecules with a signifi-
cantly improved pharmacokinetic profile. With fast elimination
and subsequent reduced enrichment in nonmalignant tissue, this
approach addresses the highly disruptive factor of background ac-
cumulation during surgical resection while preserving a high
PSMA-specific tumor uptake. The pharmacokinetic modification
strategy uncovered in this study offers extensive utility in the fu-
ture discovery and development of targeted peptidomimetic hybrid
agents.
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KEY POINTS

QUESTION: Is the tool of rational linker design suitable to improve
the pharmacokinetic profile and elimination rate in peptidomimetic
hybrid molecule development?

PERTINENT FINDINGS: This preclinical proof-of-concept study
found rational linker design to be a valuable tool to selectively af-
fect the pharmacokinetic profile and elimination rate of PSMA-
targeting peptidomimetic hybrid molecules. Introduction of a des-
ignated sequence of amino acids significantly reduced enrichment
in nonmalignant tissue to a minimum, thereby also enhancing the
elimination profile while preserving a high specific tumor uptake.

IMPLICATIONS FOR PATIENT CARE: Background-organ accu-
mulation of novel hybrid molecules in, for example, the surgical
field represents one of the main challenges in hybrid molecule de-
velopment. The study findings introduce a tool to overcome these
limitations and further advance discovery in novel image-guided
surgery approaches for clinical translation.
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